Abstract Poly(propylene carbonate) (PPC) is a novel biodegradable material. PPC has great potential to be used not only in the cosmetic chemical industry, but also in the medical material industry due to its good biodegradability and biocompatibility. One of the advantages of making PPC emulsion is that PPC could reduce the amount of organic solvent required as compared to the traditional solvent blending method, thus using PPC emulsion has emerged as a novel technique for preparing PPC materials. The amount and hydrophilic-lipophilic balance (HLB) value of emulsifiers along with the content of continuous phase determine the properties, such as appearance, stability, solid content, conductivity, and particle size, of the PPC emulsion. The effect of different parameters on the properties of the resulting PPC emulsion was investigated.
With chloroform as the dispersion phase solvent and 1 wt% of aqueous polyvinyl alcohol (PVA) solution as the continuous phase, a relatively stable white-opaque with pan blue light emitting PPC emulsion was obtained by stirring the mixture for 1 h at room temperature where 2.5 wt% of emulsifier with a HLB value 13.0 was used. However, emulsions prepared with HLB value in the range of 12.6-16.0 except for HLB 13.0 failed to exhibit good performance. Decreased stability of the resulting PPC emulsion was noted at PVA concentrations higher than 1.0 wt%. Moreover, we also found an increase in the production of solid content of PPC emulsion when the amount of emulsifier (HLB value 13.0) increased from 0 to 5.0 wt% in the presence of 1.0 wt% PVA. fre q u e n c y ra te % fre q u e n c y ra te % fre q u e n c y ra te % particle size range μ particle size range μ particle size range μ 
Introduction
Polypropylene carbonate (PPC), an alternating co-polymer synthesized from CO 2 and propylene oxide (PO), has been emerged as a new type of biodegradable, biocompatible and environmentally friendly material [1] . Figure 1 illustrates the chemical structure of PPC. PPC has good barrier property, low oxygen transmission rate, transparency, hot water resistance, and oil resistance [2] . Owing to its physical and chemical properties, PPC has been used as a green material for different applications [3, 4] such as surfactant, agricultural films, food preservatives, daily sundry goods, disposable tableware, biodegradable plastic bags, and foam sheet. In addition, PPC thin films can also be chemically degraded in acidic or basic solution, which increased the ability of water absorption of the film [5] . A degradation study using forced aeration composting method has shown that burying PPC film in soil for 6 months, the surface became rough, suggesting good biodegradability of PPC [6] . No inflammation was observed when PPC degraded in the abdominal cavity of rats, indicating a good biocompatibility of the material, suggesting PPC has the potential in medical applications [7] . There are two commonly used methods for preparing polymer emulsion: emulsion polymerization and direct emulsification. Emulsion polymerization is a widely used method in polymer synthesis for yielding an emulsion product directly. In some cases, where emulsion polymerization does not work, direct emulsification can be used. Polymer emulsions, such as ethylene vinyl acetate copolymer (VAE) emulsion, polyacrylic ester (PA) emulsion, waterborne polyurethane (PU) emulsion and polyvinyl chloride (PVC) emulsion, have been widely used in our daily life.
Liu and her coworkers [8, 9] prepared poly(propylene carbonate)-maleic anhydride (PPC-MA) coated water-soluble model drugs, glucose and pazufloxacin mesylate (PZFX) biodegradable microspheres using the method of multiple phase emulsion (W/O/W) solvent evaporation.
The effects of the wall material to heart capsule ratio, stabilizer gelatin concentration and stirring speed on the function of microspheres were evaluated. Lu et al. [10] also prepared the PPCG coated caffeine microspheres using single emulsion solvent evaporation (O/W) and W/O/W method with aqueous PVA solution as continuous phase. Compared to the traditional solvent blending method [11] , the use of PPC emulsion can reduce the amount of organic solvent required for emulsion blending and microcapsule preparation; thus, PPC emulsification has emerged as a novel technique for preparing PPC-containing materials. The amount and the hydrophilic-lipophilic balance (HLB) value of the selected emulsifier, and continuous phase determine the appearance, stability, solid content, conductivity, and the particle size of the resulting PPC emulsion. So far, studies on the use of PPC emulsion for preparing drug carrying microspheres or microcapsules have been reported [8] [9] [10] . However, there are limited reports regarding the effects of different parameters on PPC emulsion preparation and the mechanism involved. In this study, we examined the impacts on PPC emulsion properties, including appearance, stability, conductivity, and solid content of PPC emulsion, by the amount of the selected emulsifier and its HLB value as well as the PVA concentration in aqueous phase. In addition, we have also attempted to understand the underlying mechanism of PPC emulsification.
Experimental Materials and Reagents
The following reagents were used-poly(propylene carbonate) (PPC) (M w = 7. 
Preparation of PPC Emulsion
PPC powder was vacuum dried at 50°C until it reached a constant weight. A 10 wt% PPC solution was then made in chloroform at room temperature. A definite amount of emulsifier and continuous phase were carried out in a threeneck flask and stirred until it became homogeneous. The PPC solution in chloroform was then added to the continuous phase dropwise with constant stirring for 1 h to obtain the PPC emulsion.
Appearance of Emulsion
Different parameters, such as the emulsion color (white, pan-blue, light white, yellow-white, white, and off-white etc.), homogeneous state (turbid liquid, flocculation, stratification, and bubble etc.), and transparency (transparent, translucent, or opaque, etc.), were monitored during the formation of emulsion.
Stability Analysis
Stability of an emulsion is a critical factor to be analyzed; both static stability and dynamic stability were evaluated. Static stability was measured by allowing the emulsion to sit at room temperature; the emulsion was monitored, and the particle sedimentation time was recorded. For evaluating dynamic stability, the emulsion was centrifuged at 3000-5000 rpm at room temperature for 10 min in GC-1 centrifuge. The emulsion state was observed, and the particle sedimentation time was noted.
Conductivity Measurements
After setting temperature compensation, the conductivity of the emulsion was measured by DDS-307 conductivity meter with a suitable electrode. The emulsion conductivity was determined by multiplying the digit displayed on the instrument with the corresponding electrode constant.
Particle Size Distribution
The particle size distribution was analyzed by Winner 2000 laser particle size analyzer. For this purpose, the sample was diluted until it became transparent. The amount of water was adjusted to obtain the sample concentration reading in the test view window within 1.0-2.0. Once the test results were stabilized, the automatic saving mode was set up; the system then automatically saved the test results at the set intervals.
The Solid Content of Emulsion
To determine the solid content present in the emulsion, the sample was accurately weighed on a watch glass and then dried at 100°C to obtain a constant weight. The solid content of the emulsion was calculated using Eq. (1):
where m 1 (g) is the weight of the dried solid and m 2 (g) is the weight of the emulsion (accuracy up to 0.001 g).
Results and Discussion
Effect of Hydrophilic-Lipophilic Balance (HLB) on Properties of PPC Emulsion
Composite emulsifiers with different HLB were prepared by binary compounding of isopropyl myristate (HLB = 11.5), TX-100 (HLB = 13.5), Tween 80 (HLB = 15.0), and SDS (HLB = 40.0) [12] , as shown in Table 1 . As isopropyl myristate, TX-100, and Tween 80 are non-ionic surface active agents and neutral in aqueous solution, the surface activity results due to the hydrogen bonding between the oxygen atoms of ether chain and water molecules. The hydrogen bonding strength decreases as the temperature increases. In this paper, we studied the influence of HLB on the emulsion appearance, stability, and conductivity. The emulsion was prepared with 2.5 wt% of emulsifier in 1 wt% of PVA aqueous solution as continuous phase. The mixture was stirred for 1 h at 700 rpm/ min. The results are shown in Table 1 . We obtained the PPC emulsion successfully with the HLB value ranging between 12.6 and 16.0. When HLB value was 13.0, we obtained a white-opaque with pan blue light emitting emulsion, with no obvious change even after sitting for 15 days, indicating good stability of the emulsion. The TX-100 with a HLB value of 13.5 showed good emulsification effect as well. With decrease in HLB value (lower than 13.0), the amount of insoluble substances and bubbles in the emulsion increased, and the color of the emulsion turned to off-white and opaque. The particle precipitation and stratification phenomenon are more likely to occur with decrease in emulsion stability (both static and centrifugal). With increasing HLB value (above 13.0), the color of the emulsion turned to yellow-white and opaque. Decrease in emulsion stability also resulted in color fading, precipitation, and stratification. We found that the less the content of TX-100 in the composite emulsifier, the larger was the emulsion conductivity. This indicates that the composition of the composite emulsifier is one of the major factors influencing the conductivity of the emulsion.
Effect of Emulsifier Amount on Properties of PPC Emulsion
It is known that the process of emulsification as well as the properties of the resulting emulsion are affected by the amount of emulsifier used [13, 14] . We sought to determine the effect of emulsifier amount on the properties of PPC emulsion (appearance, stability, and conductivity). PPC emulsion was prepared using TX-100 or Tween 80 as emulsifiers, respectively, in 1 wt% of aqueous PVA solution (continuous phase). Tables 2 and 3 show the results. We also examined the effect of composite emulsifier of HLB value 13.0 on the properties of PPC emulsion by using 1 wt% of PVA aqueous solution as the continuous phase. The results are presented in Table 4 . We observed that with increasing TX-100 amount (more than 2.5 wt%), the stability of the emulsion decreased and the resulting in the PPC emulsion became prone to precipitation (Table 2) ; when the amount of TX-100 exceeded over 5 wt%, PPC was completely precipitated, no matter whether the emulsion formed or not. However, no specific trend in conductivity of the emulsion was observed in connection to the TX-100 amount. The stability of the emulsion decreased with increase in the amount of Tween 80 (more than 2.5 wt%), where the emulsion was also more difficult to control. PPC could not be emulsified when the amount of Tween 80 was over 5.0 wt%. On the other hand, conductivity was found to be decreased with the increased amount of Tween 80. Therefore, higher amount of emulsifier is not beneficial for the emulsification process. The conductivity of PPC emulsion prepared with Tween 80 was much higher than that prepared with TX-100. This could explain the higher conductivity of the emulsion prepared with composite emulsifier system of TX-100/ Tween 80 having less TX-100 content ( Table 1) . The resulting emulsions exhibited good properties at 1.0 and 2.5 wt% composite emulsifier (HLB = 13.0) ( Table 4) . At 1.0 wt% emulsifier, a large amount of PPC remained insoluble, indicating emulsification of a small portion of PPC. When the emulsifier amount was increased to 1.9 wt%, a lot of insoluble beads continued to form in the emulsion, indicating partial emulsification of PPC in absence of adequate amount of emulsifier. At the same time, the resulting emulsion droplets were relatively big in size with decreased stability. When the amount of the emulsifier was further increased to over 5.0 wt%, it was difficult to form emulsion with good properties, similar to the results shown in Tables 2  and 3 . Further, we studied the effect of amount of emulsifier on the solid content of emulsion and found that the solid content of the resulting emulsion increased with increasing amount of emulsifier (0-5.0 wt%). With 5.0 wt% emulsifier, the solid content of PPC emulsion increased around 50 % as compared to the emulsion made with 2.5 wt% of emulsifier; however, the centrifugal stability of the emulsion decreased.
Effect of PVA Concentration in Continuous Phase on Properties of PPC Emulsion
Being a water soluble polymer, PVA played an important role in increasing the viscosity of the aqueous phase as well as the stability of the emulsion. It has been commonly used as a stabilizer in many emulsification processes of polymers, such as polylactic acid (PLA), polyisobutyl cyanoacrylate (PIBCA), and copolymer of lactic acid glycolic acid (PLGA) [15] [16] [17] [18] . Lu et al. [10] used PVA aqueous solution as continuous phase for preparing PPC microspheres. Song et al. [19] used the emulsion dispersion method for preparing PLGA nano-microspheres and studied the influence of different organic solvents and stabilizers on the microspheres. The authors found that when a water insoluble organic solvent and PVA were used as the oil phase solvent and the stabilizer, respectively, it resulted in the formation of microspheres with the smallest average diameter. In this work, we further examined the effect of PVA concentration on PPC emulsion properties using aqueous PVA solution as continuous phase with 2.5 wt% of emulsifier. The results are shown in Table 5 . We found that with both TX-100 and Tween 80 used individually as emulsifier, the stability of the PPC emulsion decreased when the PVA concentration was higher than 1 wt%. In contrast, in presence of a composite emulsifier (isopropyl myristate/ TX-100; HLB = 13.0), it was difficult to form a stable emulsion, irrespective of PVA concentration being higher or lower than 1 wt%. We found that 1 wt% PVA was the optimum concentration for all the studied emulsifiers used for the preparation of PPC emulsion,
Particle Size Distribution
Particle size distribution is an important index to evaluate the properties of an emulsion. The smaller the particle size, the more even of the particle distribution in the emulsion, resulting in better stability, conductivity, and film forming capability [20] . The particle size distribution was measured after diluting PPC emulsion [with 2.5 wt% of emulsifier with a HLB value of 13.0 and PVA (0.5 and 1.0 wt%)] until it turned transparent (Fig. 2) . Figures 2, 3 , and 4 illustrate the particle size distribution curves of the PPC emulsions prepared with emulsifiers with different HLB value, different emulsifier amount and PVA concentrations. As evident from the figures, the particle size distribution curves showed two peaks in most of the cases, and the median particle sizes are around 2 and 30 lm. As discussed in the sections ''Effect of Hydrophilic-Lipophilic Balance (HLB) on Properties of PPC Emulsion''-''Effect of PVA Concentration in Continuous Phase on Properties of PPC Emulsion'', over the time, PPC emulsions eventually precipitated. Therefore, the peak at 30 lm might be resulted from the aggregation precipitation of the emulsion with decreased stability, after sitting for a period of time.
According to the data presented in Table 1 (as discussed in the section ''Effect of Hydrophilic-Lipophilic Balance (HLB) on Properties of PPC Emulsion''), emulsions formed with emulsifiers with a HLB value ranged between 13.0 and 15.0. Figure 2 shows the particle size distribution curves of the PPC emulsion (2.5 wt% of emulsifier, and No obvious influence of HLB value of emulsifier on the particle size distribution was observed. The particle distribution curves in Fig. 2 show two independent peaks, one at 2 lm and the other at 30 lm. With HLB value 13.5 and 14.0, the peak at 2 lm is very less intense, almost disappeared, indicating poor stability of the emulsion. With increasing amount of Tween-80 in the composite emulsifier, the HLB value increases from 14.0 to 14.8, resulting in the higher probability of formation of more particles of size at around 2 lm (Fig. 2) . Figure 3 displays the particle size distribution curves of PPC emulsions (with HLB value of 13.0, and 1.0 wt% of PVA) made with varying emulsifier amount. Figure 3 also shows two independent peaks, one at 2 lm and the other at 30 lm, respectively, similar to Fig. 2 . We did not find any profound effect of the emulsifier amount on the particle size distribution. Figure 4 shows the particle size distribution curves of PPC emulsions (with HLB value of 13.0 and 2.5 wt% of emulsifier) prepared with varying concentrations of PVA, 0.5 and 1.0 wt%. With 0.5 wt% of PVA, only one independent peak is evident at 30 lm. An additional little bump can be seen at 5 lm, indicating the unstable state of the emulsion. However, with 1.0 wt% concentration of PVA, one can see two independent peaks (at 2 and 30 lm), indicating a more stable state of the resulting emulsion.
The Action Mechanism
As discussed above, the type and amount of emulsifier and PVA concentration in the continuous phase played important roles in the formation of emulsion. Based on the mechanism of emulsification and dispersion, an emulsifier shows three major effects: (1) reducing the interfacial tension, (2) forming an absorption film on the dispersed particle surface for physical protection, and (3) maintaining the emulsion stability by charging the dispersed surface to generate repulsive interactions among the particles. Emulsion is a thermodynamically unstable system, and the stability of an emulsion is restricted to thermodynamic and kinetic conditions. An appropriate emulsifier can be absorbed onto the interface, preventing the separation of the oil and aqueous layer. Different dispersion phases have different interfacial energies, requiring different emulsifiers. Figure 5 schematically depicts the emulsification process. The HLB value of emulsifier and the required HLB value (rHLB) of oil phase [21, 22] have significant effect on the formation of emulsion. Griffin first established the HLB system and classified the non-ionic surfactants based on HLB value [23] . According to Griffin's classification, the lipophilic surfactants have low HLB value, while the hydrophilic surfactants have high HLB value. In general, emulsifiers with HLB value lower than 10 can be used to prepare W/O emulsion, while emulsifiers with HLB value higher than 10 can be used to prepare O/W emulsion. Moreover, more stable emulsions form when HLB value of emulsifier is closer to rHLB value of oil phase. To determine rHLB value of oil phase, different emulsifiers can be mixed to obtain composite emulsifiers with different HLBs value. Those composite emulsifiers are then used to prepare the required emulsions and characterize the separation properties of the emulsions [24] . The more difficult to separate, the more stable the emulsion is and the closer the emulsifier HLB value is to the oil phase rHLB value. Based on the data presented in Table 1 , the rHLB value of the PPC solution in chloroform is around 13.0. The suitable amount of emulsifier and optimum PVA concentration in continuous phase are also very important in forming a stable emulsion. When the emulsifier amount is low, there are not enough emulsifier molecules to emulsify the whole oil phase into fine droplets, leading to failed emulsification or big droplets formation. With increasing amount of emulsifier, the formation of fine droplets becomes easier, and the emulsion properties improve. However, if the amount of emulsifier is too high, the excess emulsifier increases viscosity among the adjacent droplets. This leads to the formation of large droplets, resulting in poor emulsion properties. If PVA concentration in continuous phase is too high, it would be difficult to disperse PPC into fine oil droplets to be soluble in water, causing failed emulsification. On the other hand, when the PVA concentration is too low, density and viscosity of aqueous phase become too small, and the oil droplets become prone to aggregation and sedimentation.
Conclusions
The HLB value of an emulsifier and the required HLB value (rHLB) of oil phase are two factors that play important role in emulsion formation. We found that rHLB value was around 13.0 for PPC solution in chloroform, the oil phase. A white-opaque with pan blue light emitting PPC emulsion with relatively good stability was obtained by stir-mixing 1 wt% aqueous PVA solution as the continuous phase and 2.5 wt% emulsifier of HLB value 13.0 for 1 h. The conductivity of the resulting white-opaque with pan blue light emitting emulsion was 96.2 ls/cm. No precipitation or separation was observed even after centrifuging the emulsion at 5000 r/min for 10 min. There was also no obvious change after sitting the emulsion for 15 days. Based on our findings, we conclude that the PPC emulsion, prepared with 1 wt% PVA solution and 2.5 wt% emulsifier of HLB value 13, has potential to be used for making biodegradable materials such as film, sheet or biocompatible materials for medical applications such as cardiovascular stents.
